solute fluxes across the outer surfaces of the entire tissue (6). Little attention has been paid to an analysis of these movements in terms of the control exercised by separate components, i.e., epithelium, cortex, and nucleus. The cells of the cortex (lens fibers) form a regular nonisotropic structure, and solutes whose movements are restricted by their limiting membranes would be expected to move within this layer in a manner determined by the cellular geometry. Kaiser and Maurice (8) measured differences in the diffusion rate of fluorescein in the cortex according to the direction of its movement and were able to relate these to the structure of the tissue. The purpose of the present experiments was to extend these observations to physiologically more important ions, particularly the predominantly extracellular sodium ion. A preliminary report of this work has been published (13).
METHODS
The cells of the lens cortex are closely packed, flattened, hexagonal ribbons which are several millimeters long in all mammals.
This structure has three axes of symmetry and may be expected to have, correspondingly, three directions in which the diffusion rate passes through a maximum and minimum value. The directions are shown in Fig. 1 and are: a) along the length of the fibers, 6) across the fibers parallel to the lens surface, and c) across the fibers but perpendicular to the lens surface. Two experimental techniques were developed, one to measure the rate of spreading parallel to the surface (directions a and 6) and the other to measure the rate of penetration into the lens (direction c).
Movement Parallel to Surface
The diffusion rates parallel to the lens surface were determined by a modification of the method employed to measure diffusion of radioactive ions in the cornea by Maurice (1 Z), and fluorescein in the lens (8). A small spot of test solution, about 0.5 mm diam, is applied to the surface of a decapsulated ox lens from the tip of a length of finely drawn out polyethylene tubing. The solution contained the radioactive ion in high activity, together with sodium fluorescein at a concentration of about 20 g/ 100 ml. The posterior surface was chosen since by applying the solution about two-thirds of the way from the equator to the axis a large flattish area was available, thus giving the best chance for an extended linear symmetrical diffusion path along the lens fibers. The lens is kept in a moist atmosphere at the required temperature for a given length of time (usually 1-2 hr) and then placed beneath a large end window GeigerMiiller (G-M) tube (Ekco 2B7; window weight 7 mg/cm2; diameter 6.2 cm). Between the window of the G-M tube and the lens surface is a moveable rectangular brass shield which screens the G-M tube from beta radiation (Fig. 2) . The shield is kept as close as possible to the lens surface to reduce blurring of the distribution. The lens is placed in such a position that the shield can be moved either along or across the path of the fibers. These directions are indicated by the fluorescein distribution, since the dye spreads rapidly in the cytoplasm of the cells and thus delineates their course and marks their termination at the lens sutures (8). The brass shield is withdrawn millimeter by millimeter, thereby gradually exposing the active spot of material to the G-M tube, and the count rate is recorded after each movement of the shield. Particular attention is paid to the measurement of the total radiation with the lens surface completely exposed, and of the background and gamma radiation component when the lens is completely covered. The counts, corrected for gamma and background radiation, are converted into percentages of the total activity and plotted against distance moved by the shield, on proba.bility paper. This should give a straight line, from the slope of which the diffusion coefficient can be derived.
It must be assumed that the properties of the lens cortex affecting the penetration of the ions remain uniform over the whole area of spread. Thus the effect of penetration in causing loss of beta radiation will not affect its surface distribution, since the concentration of isotope will be reduced proportionally at all points. The mathematical expression which describes the surface distribution of the isotope is A = AI.e-li4t ("a21D, SXb21Dg) where D, and Db are the diffusion coefficients in directions a and b, xa and xb are the distance from the point of application of the spot, A is the surface beta activity at xa and xb, and A t is the surface beta activity at point of application. Since the total radioactivity is measured in the experiments the integral form applies: 
Penetration Into Lens
The rate of penetration of an isotope into the lens is measured by recording the decrease in activity at the lens surface as a spot of isotope diffuses into the tissue and counts decrease due to absorption of beta rays by the lens substance. The technique is therefore restricted to isotopes which are primarily hard beta emitters. The isotope is applied to the decapsulated surface of an ox lens, which is immediately placed beneath the end window G-M tube, and the count rate is recorded at intervals for about 1 hr.
To control the te nperature of the lens during the experi-.ent, a special chamber was constructed (Fig. 3 ). Before n applying the isotope, the decapsulated lens is placed in the holder, H. This is enclosed in a cylindrical brass container, C, which is immersed in a water bath to level L. When it is required to count the surface of the lens, positive air pressure applied at P causes the platform, Q, to rise, thus presenting the surface of the lens to the window of the G-M tube. After counting, the pressure is released and the lens returns to its former level. The temperature within the apparatus was periodicallv checked and found to remain constant within il c. At the start of the experiment the lens is raised and a small spot of isotope-fluorescein solution is applied to its surface in the center of the opening.
Any excess of solution is absorbed with the tip of a filter paper, and the first count could be taken over the period 0.5-l min from the application.
The diffusion coefficient is obtained from the experimental points by fitting them to the theoretical curve describing the loss of radiation on penetration, which is derived as follows. When an isotope soaks into a medium, the beta activity measured at the surface of application will depend on 1) the depth of penetration of the isotope, 2) the absorption coefficient (k) of beta radiation of the medium. Assuming the lens is a uniform semiinfinite medium with
Ox Lenses
Bovine eyes were obtained from freshly slaughtered animals and the lens was extracted within 2 hr of death by an anterior approach to the globe, as described previously (15). To decapsulate the lens, an incision was made at one side of
Test Exberiments
In order to test the expe rimental techni .ques, the diffusion coefi cient of each isotope was measured in 0.5 % agar gel, which was prepared in physiological saline buffered to pH 7.4. To obtain a consistent condition the isotope was applied to a surface freshly prepared from the mass of the gel by cutting it with a sharp razor blade. The results were a plane surface which the isotope penetrates with a diffusion coefficient D, and that the isotope is spread instantaneously on this surface:
1) The distribution of the penetrating material at time t is given by (2) expected to of the given provide values comparable to the diffusion rates free solution.
ions in where PI is the quantity of material originally applied. 2) Over a wide range of penetration the absorption is exponential and the amount appearing at the surface is given bY
Is0 tobes
The following isotopes were used in this study: 22Na, as NaCl; 24Na, as NaCl (4 me/g Na) ; 42K as KCl, (20 me/g K); g6Rb as RbCl, (40-150 me/g Rb); 35S04, as NanSO 4 (carrier free) ; 1311 as NaI (carrier free). All were obtained from the Radioche'mical Centre, Amersham, England. The total radiation at the surface is therefore given by Due to the arrangement of the lens fibers around the lens sutures (lines at which the fibers terminate), technical difficulties were frequently encountered in the experiments designed to measure the spreading. When a spot of the isotope was applied close to a lens suture, or at a point where the fibers curved sharply, it was impossible to obtain a straight or fully developed diffusion pattern. On other occasions, too large a drop of solution resulted in uncontrolled surface spreading.
The presence of the fluorescein enable these errors to be detected and a large number of experiments had to be discarded.
The term under the integral is tabulated as erfc k (DCt)l12 and so
The form of the activity curve is therefore a function of the dimensionless parameter k2Dt only. By fitting the theoretical curve to the experimental points, along one axis only, a value can be assigned to k2Dt, and D, may be obtained from the value of k. (A correction is made for the density of, the lens [1.06]). A n example of this procedure is given in the RESULTS section. Absorption coefficients were determined experimentally under circumstances identical to those used for measuring penetration into the lens. A droplet of isotope solution was dried on a small piece of lo-p-thick polyester sheet which lay on the surface of a lens in the constant temperature chamber. The activity of the material was measured when fully exposed and when covered successively with l-10 or more sheets of material of determined weight per unit area. Developed photographic film was generally employed for this purpose, but the values of k obtained by using other absorbers, mica and aluminum foil, were the same.
The experimental points from a typical successful spreading experiment with 24Na are shown in Fig. 4 . The total count at the time of measurement was usually on the order of 5,00O,/min. The actual counts were generally taken for 1 min and so the error in most of the points is on the order of Z-4%. If the experiment was not continued for too long a period, the points showed a linear relationship on the probability paper as predicted by theory. On occasions, the line showed a break toward one end or the other, and this could generally be associated with spreading of the material either too close to a suture, or round the equator of the lens. When the break was well away from the midpoint, the experiment could be used by ignoring the aberrant points in constructing the best fitting straight line. of cell membranes. The significance of these results is considered in greater detail in the DISCUSSION. Difusion in disrupted lens cortex. A few measurements of the rate of spreading of 24Na and 86Rb were performed on isolated crushed lens cortex. This material was prepared by squashing the tissue and thoroughly mixing it with the fingers between two pieces of thin polyethylene; air bubbles were removed by centrifugation.
This procedure is intended to destroy the regular arrangement of the lens fibers. A spot of isotope was applied to the crushed lens, spread as a uniform sheet on a shallow dish, and the distribution of isotope measured in several directions across the surface. The values obtained are shown in Table 2 in comparison with the free diffusion coefficients. Figure 5 shows the points from one experiment and the theoretical curve adjusted to them. Each point represents the counts recorded over a 1-min time interval.
Penetration Measurements
The initial count rate was generally 3,000-5,000 counts/min. Calculation indicated that over the I-hr experimental period the isotope would not spread appreciably beyond the confines of the chamber opening, nor would the radiation from the surface be affected by the limited thickness of the lens cortex. (Table  1) and are therefore evidence of the validity of the two experimental techniques. Lens. For all the ions studied, it was found that diffusion was fastest in direction a and slowest in direction c (Table  1) . This result was expected since diffusion along the fibers is entirely direct, while penetration represents the most tortuous pathway and that impeded by the greatest number Inulin, which is generally agreed to be an entirely extracellular solute, will penetrate through the lens even into the nucleus (16). This indicates that an extracellular space exists throughout the tissue; it is diffcult to estimate its volume accurately from tracer distribution studies, but values in the region of 3-5 % of the total lens water have been obtained (16, 18) . If the movement of a solute were restricted to the extracellular fluid, then its rate of diffusion in the three directions studied should be different because of the geometry of the diffusion paths alone. Since the lens cortex has a regular structure, it was possible to calculate the relative delay to diffusion introduced by the geometry of the paths. The form of the three extracellular diffusion paths is shown diagrammatically in Fig. 6 . It is assumed that the intercellular space is uniform in width around the cell border and diffusion is equally fast in any direction along it. The occasional tight junctions described by electron microscopists (1) may be supposed not to obstruct the movement of substances appreciably, and the irregular tortuosities that are sometimes observed are considered to be restricted to the lens suture regions.
The following expressions were derived (see APPENDIX) for the diffusion coefficients in direction b (Db) and c (D,) i n terms of D,, since movement in direction a is uncomplicated by geometrical factors where Jo, q, r, and s are the dimensions in Fig. 7 . The dimensions were obtained by direct measurement with a millimeter rule from electron micrographs and phase contrast micrographs prepared in this and other laboratories. Care was taken in our preparations to ensure that sections were cut closely perpendicular to the longitudinal direction of the lens fibers. No absolute values of p, q, r, and s can be given because many of the photographs from which they were obtained were of approximate or unknown magnification. However, the geometry of the system can be characterized by ratios of these quantities and these are displayed in The theoretical ratios can be compared with the experimentally obtained values. From Table  1 , the diffusion coefficients of sodium at 35 C in directions a, b, and c are in the proportion 100: 81.1: 14.1 with a confidence level of 97.5 %. The confidence limits were calculated using Fieller's theorem (4, 5). Clearly the theoretical and experimental ratios are in close agreement.
Similarly the diffusion coefficients of 1311 are in the ratio 100:80.2: 12.0; this also follows the ratio calculated assuming extracellular diffusion. The conclusion which must inevitably be drawn is that the freshly added 22Na and 1311 diffused almost exclusively in the extracellular space of the lens during the period of the experiment.
This conclusion suggests further that the low sodium content of the normal lens is not entirely dependent upon an active cation pump located at the lens epithelium as proposed by Kinsey and Reddy (lo), but that the cells of the cortex are able to exclude sodium from their cytoplasm.
It may be objected that in the experiments the lenses were manually decapsulated and kept in a moist atmosphere for nearly 3 hr. It is known that decapsulated lenses incubated in a physiological medium rapidly lose potassium and gain sodium (6). Although such an exchange of ions could not have taken place in the isolated lens, it is possible that the composition of the extracellular fluid may have altered. It is difficult to see how the above conclusion could be affected but caution should be exercised in performing any further analvsis.
The restriction of freshly applied sodium to the extracellular space of the lens is not an unexpected finding even in the light of present concepts of metabolic control of lens sodium/potassium balance. Electron microscopy has revealed that each lens fiber is enclosed by a definite cell membrane which, under light microscopy at least, appears to remain intact even in the deeper cortex. The fiber membranes appear to exclude certain saccharides (e.g., inulin and sucrose), and also retain the polyhydroxy alcohols (e.g., dulcitol) produced by the reduction of sugars (9). Furthermore, the diffusion pattern of fluorescein, as described by Kaiser and Maurice (8), can only be interpreted on the basis of functional cell membranes. If it is accepted that the intercellular space pursues a straight uninterrupted course along direction a, then the rate of spread in this space should correspond to the diffusion coefficient in the extracellular space of the lens. The value found for sodium, 0.971 X 10m5 cm2 se& (35 C), is about 60 % of the free diffusion rate obtained from tables or of that observed in 0.5 70 agar under comparable conditions.
No other measurements of the diffusion rate of sodium in the lens have been published, but this value is within the range of 0.45-l .75 X 10m5 cm2 se& cited by McClennan (14) from figures reported for rat diaphragm, extensor, and sartorius muscles, brain, nerve, and liver by various workers.
In trace Mar Difusion
The diffusion coefficients of 42K and 86Rb within the lens cortex did not conform to the pattern observed for sodium, indicating that different factors control the movement of these ions. The diffusion rates were found to be in the ratio 100:88.7: 38.8 in directions a, b, and c, respectively.
Since rubidium and potassium are distributed principally intracellularly, their movement within the lens may be expected to be a composite process of transfer through the cells and also movement around them. For the three directions studied, the resistance encountered by these ions is likely to be different.
Insofar as extracellular movement is concerned, the relative ratio of diffusion should correspond qualitatively to that found for sodium. For that part of the movement which is through the cells the resistance should also increase for the directions a, b, and c, since in the first no transfer across cell membranes is necessary, and to penetrate into the lens the greatest number of cell membranes have to be traversed in order to move a given distance.
The absolute value of the diffusion coefficient along the fibers, 0.98 X lo-" cm2 set-l at 35 C, is 40 % of that in free solution.
This may be considered to be an upper limit to the rate of movement within the cytoplasm, since the sodium results suggest that any movement in the parallel extracellular path would be faster. Hodgkin and Keynes (7) measured the diffusion coefficient of 42K in Sepia giant axons using a spreading technique similar to that described in this study. These authors obtained a mean value of 1.5 X 10e5 cm2 set-l at 18 C, which is very close to that in free solution. It is not clear whether the greater slowing up of potassium diffusion in the lens cortex cells is due to the greater concentration of protein in them (30 % cf. nerve 14 %) or to the structural organization and/or cation binding of these proteins, the lens crystallins.
A recent paper by Kushmerick and Podolsky (11) suggests that the retardation of ionic diffusion in muscle cells is due to physical factors, rather than specific chemical binding reactions.
Difusion in Disruf ted Lens Cortex
lurther evidence that the movement of sodium in the lens is controlled by the geometry of the cells is supplied by the diffusion measurements in disrupted lens cortex. The rate of spreading was the same in all directions when the structural organization had been destroyed. The' diffusion coefficients of both sodium and potassium in disrupted lens cortex were reduced from those in free diffusion.
The rate of potassium movement was about 5 % slower than that along direction a in the intact lens, but the difference was not statistically significant (P > 0.3). However, the diffusion rate of sodium was consistently slower (20 %) than along direction a in the intact lens. This could be due to some property of the cytoplasm or to obstruction bv fragmented cell membranes.
Further experimentation has suggested that the latter explanation is more likely (unpublished data). 7) , are taken to be infinitesimal quantities dp and dq. Consideration of Fig. 6 will show that the number of channel s i n the segment dq is doubl e that i n dp. Thus, if the normal width of the intercellular space is w, it can be thought of as being ZZR' over dq (Fig. 8) .
The 
